Introduction
Lanthanides are very important metals in high-technology industry because of their unique electronic, optical, and magnetic properties, and therefore their demand has been increasing in recent years. Lanthanides have very similar fundamental chemical properties, which makes it difficult to separate them into individual elements. That is a major reason why lanthanides are expensive.
Liquid-liquid extraction is one of the most effective analytical methods for the separation and purification of various metal ions. The extractant plays a key role in the extraction efficiency and the separation operation. The selection of an appropriate extractant often determines the success of an extraction process. In the extraction separation of lanthanides, commercial organophosphorus extractants, such as D2EHPA and PC-88A, are typically employed. [1] [2] [3] The organophosphorus extractants show high extraction and separation performances for lanthanides. However, the extractants are not fully combustible, leaving phosphorous residues as secondary wastes. Thus, extractants composed of only C, H, O, and N atoms (the CHONprinciple) have attracted much attention as a green extractant to establish a new residual waste-free extraction process based on their complete combustibility. To date, a variety of CHON-type extractants have been developed for the extraction of lanthanides, for example, carboxylic acid type compounds, 4 β-diketones, 5 and calixarenes. 6 However, almost all CHON-type extractants provide low extraction and separation performances for lanthanides compared with organophosphorus extractants.
In the present study, we focused attention on two CHON-type extractants for mutual separation among lanthanide elements. One was N,N-dioctyldiglycol amic acid (DODGAA, Fig. 1 ), 7 which is an anionic tridentate ligand with a carbamoyl group and a carboxy group connected by an ether chain. The other was N,N,N′,N′-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN, Fig. 1 ), [8] [9] [10] [11] which is a neutral hexadentate ligand with four pyridyl groups connected by ethylenediamine. Diglycolamide and nitrogen-donor type extractants have been under intense study concerning extraction and group separation of actinides and lanthanides in the field of nuclear industry, 12, 13 and also offer considerable potential as extractants for mutual separation among lanthanide elements. We describe herein that DODGAA and TPEN have rather simple CHON-structures but provide unprecedentedly high separation performances for the individual lanthanide elements.
Experimental

Reagents and materials
The extractant TPEN was purchased from Dojindo (Kumamoto, Japan). Dioctylamine was purchased from Aldrich Lanthanide(III) nitrates (all lanthanides, except for Pm(III), which is a radioactive element) were purchased from Kishida Chemical Co. Ltd. (Osaka, Japan). All other regents were of commercially available analytical grade and used as received.
Synthesis of DODGAA
The extractant DODGAA was synthesized as described previously. 7 Briefly, the synthetic procedure was as follows: to a slurry of diglycolic anhydride (4.17 g, 35.9 mmol) in CH2Cl2 (40 mL), dioctylamine (7.0 g, 28.4 mmol) dissolved in CH2Cl2 (10 mL) was carefully added; the mixture was stirred at room temperature overnight. The resulting clear solution was washed with deionized water 4 times. After the organic layer was dried with anhydrous sodium sulfate, the solvent was removed in vacuo, and the residue was recrystallized from hexane; white powder 9.57 g (94.2% yield); 1 
Extraction procedure
Organic phases were prepared by dissolving 10 mM (1 M = 1 mol/dm 3 ) DODGAA in isooctane containing 5 vol% 1-octanol as a solubilizer or 5 mM TPEN in nitrobenzene. Aqueous phases were prepared by dissolving 0.01 mM Ln(NO3)3 (all lanthanides, except for Pm(III)). In an experiment with DODGAA, HNO3 was used to adjust the pH from 0.5 to 5. In the case of TPEN, the ionic strength was adjusted from 0 to 1 M by NH4NO3 at pH 5. Equal volumes of the organic and aqueous solutions were mixed and shaken on a vortex mixer at 298 K for 15 min to attain equilibrium. These mixtures were then centrifuged for 3 min to promote phase separation. After each phase was separated, the metal ions in the organic phase were backextracted into 1 M HNO3 in the DODGAA system or 0.1 M HNO3 in the TPEN system. The concentrations of Ln 3+ in the aqueous phase and the organic phase were determined by using inductively coupled plasma mass spectrometry (ICP-MS, Hewlett Packard HP 4500) to obtain the extractability (E = ]aq), and the separation factor (SFLn/Ln′ = DLn/DLn′). The subscript org., aq, and ini denote the organic phase, the aqueous phase, and the initial condition, respectively. The equilibrium pH values in the aqueous phase were also measured. Figure 2 shows the extraction behavior of 14 lanthanide(III) ions (all lanthanides, except for Pm(III)) from the aqueous phase into the organic phase using DODGAA as a function of the equilibrium pH in the aqueous phase. The transfer of lanthanide ions using DODGAA is promoted with increasing pH. Finally, quantitative extraction is achieved in moderately-acidic solutions (1 ≤ pH ≤ 3). On the other hand, it is known that typical carboxylic acid-type extractants, such as Versatic 10, extract lanthanides under neutral conditions (6 ≤ pH ≤ 7). 14 The result shows that DODGAA provides an exceptionally high extraction performance for lanthanides compared with typical CHON-type extractants. In fact, the extraction performance of DODGAA is comparable to that of organophosphorus extractants (e.g. D2EHPA and PC-88A). 7 It was confirmed that the pH value is reduced after extraction, because the transfer of lanthanides using DODGAA proceeds through a protonexchange mechanism. By analyzing these extraction data, a slope analysis was conducted as a function of the equilibrium pH in the aqueous phase (data not shown). Linear relationships between log D and the pH with a slope of 3 were obtained for all 14 lanthanides, suggesting that three protons from DODGAA molecules are released to form a neutral complex with trivalent lanthanides. Furthermore, it was found that DODGAA exhibits high selectivity for heavier lanthanides from Tb 3+ to Lu
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3+
, which is very similar to the selectivity of D2EHPA. 7 The high extraction and separation performances of DODGAA are attributed to an electrostatic interaction, a cation-oxygen-donor interaction, and a chelate effect created by the tridentate diglycol amic acid frame. Figure 3 shows the extraction behavior of 14 lanthanide(III) ions using TPEN as a function of the NH4NO3 concentration in the aqueous phase. The extractability of lanthanides is enhanced with increasing NH4NO3 concentration, indicating that NO3 − is indispensable for metal extraction using TPEN to form an ion , and offers little partitioning of heavier lanthanides from Tm 3+ to Lu 3+ , even in a highconcentration NH4NO3 solution.
The distribution ratios of 14 lanthanide(III) ions using DODGAA or TPEN are shown in Fig. 4 . In the DODGAA system, heavier lanthanide ions are effectively extracted. The separation factor between La 3+ and Lu 3+ (SFLu/La), which is defined by DLu/DLa, is approximately 2990. This value is comparable to that in the organophosphorus extractants system (SFLu/La = 6800). 7 On the other hand, in the TPEN system, lighter lanthanide ion, especially Pr 3+ and Nd 3+ , are selectively transferred. SFNd/Lu between Nd 3+ and Lu 3+ is higher than 70000, which is an unprecedentedly high value compared with that of previous studies on the mutual separation of lanthanide elements.
We performed a mutual separation experiment of light, middle, and heavy lanthanide ions with a combination of TPEN and DODGAA (Table 1) . La 3+ , Eu 3+ and Lu 3+ were employed as representatives of light, middle, and heavy lanthanide ions, respectively. In the first stage using TPEN, La 3+ and Eu 3+ were quantitatively extracted into the organic phase, and Lu 3+ remained in the aqueous phase. This result indicates that only Lu 3+ was effectively separated from the other lanthanides. The stripping of lanthanide ions from the organic phase into a receiving phase was successfully achieved using a HNO3 solution (pH 1.5). In the second stage using DODGAA, the receiving phase was employed as the initial aqueous phase without modification. Only Eu 3+ was selectively transferred into the organic phase, which led to efficient separation between La 3+ and Eu
. Extracted Eu 3+ was completely stripped using 1 M HNO3. As a result, the recovery ratios of La 3+ , Eu 3+ , and Lu 3+ were 92, 94, and 96%, respectively. Furthermore, the purities were 98, 92, and 94%, respectively.
Conclusions
We investigated the extraction behavior and the separation of lanthanides using DODGAA and TPEN as a CHON-type extractant. DODGAA is capable of the quantitative extraction of lanthanides in moderately-acidic solutions, and shows a high separation performance for heavier lanthanides. In the TPEN system, an exceptionally high selectivity for lighter lanthanides was achieved. Furthermore, we succeeded in the mutual separation of light, middle, and heavy lanthanides using DODGAA and TPEN. These findings highlight the great potential of a CHON-type ligand as a green extractant for lanthanide separation. ]back is the concentration of lanthanide ions in the receiving phase (HNO3; pHini, 1.5) after back-extraction. The equilibrium pH in the receiving phase rose to 2.0 due to the protonation of TPEN. c. Organic phase: [DODGAA] = 10 mM in isooctane (5 vol% 1-octanol) 
